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ABSTRACT 

Many groups have proposed a two-component molecular  s t r u c t u r e  f o r  brown coa l s .  This  
hypothes is  has  been i n v e s t i g a t e d  by i n  s i t u  'H NMR measurements du r ing  hea t ing  ( t o  
875 K) of a s u i t e  of Aus t r a l i an  and N e w  Zealand brown c o a l s ,  a set  of Morwell brown 
c o a l  l i t h o t y p e s ,  and e x t r a c t s  and e x t r a c t  r e s idues  of some of t h e s e  c o a l s .  The 
v a r i a t i o n  i n  t h e  behaviour  of t h e  c o a l s  du r ing  hea t ing  and p y r o l y s i s ,  a l though 
s i g n i f i c a n t ,  was no t  p a r t i c u l a r l y  s e n s i t i v e  t o  l i t h o t y p e  ranking  bu t  showed a s t r o n g  
c o r r e l a t i o n  wi th  a tomic  H / C  r a t i o .  The e x t r a c t s  were found t o  be f u l l y  mobilized i n  
t h e  tempera ture  r ange  470-700 K whereas the  r e s i d u e s  e s s e n t i a l l y  remained r i g i d  
molecular  l a t t i c e s  throughout  t he  hea t ing  and py ro lys i s .  This  behaviour was 
independent of t h e  l i t h o t y p e  and H / C  r a t i o  of t he  source  coa l .  The much h igher  H / C  
r a t i o s  of t he  e x t r a c t s  compared t o  the  r e s i d u e  materials a l low t h e s e  obse rva t ions  t o  
be explained ( t o  a f i r s t  approximat ion)  in terms of t h e  h o s t / g u e s t  hypo thes i s  
whereby the  c o a l s  a r e  composed of e x t r a c t  (gues t )  and r e s idue  ( h o s t )  m a t e r i a l s  i n  
d i f f e r i n g  p ropor t ions .  

INTRODUCTION 

Morphological v a r i a t i o n  i n  brown coa l  seams has  l e d  t o  ' l i t h o t y p e '  c l a s s i f i c a t i o n  
schemes. The c l a s s i f i c a t i o n  f o r  V ic to r i an  brown c o a l s  is based on the  co lour  of t he  
d r i e d ,  weathered c o a l  and ranges  from ' p a l e '  t o  'dark '  i n  f i v e  s t e p s .  A number of 
s t u d i e s  (1-4) have sought  t o  e s t a b l i s h  r e l a t i o n s h i p s  between l i t h o t y p e  and the  
composition, s t r u c t u r e  and p r o p e r t i e s  of the  coa l s .  Although t h e s e  s t u d i e s  have 
e s t a b l i s h e d  t h a t  major  chemical (2)  and phys ica l  (3)  d i f f e r e n c e s  do e x i s t  between 
t h e  extreme p a l e  and da rk  l i t h o t y p e s  wi th in  a g iven  seam, i t  has  not  been 
demonstrated t h a t  b a s i c  c o a l  p r o p e r t i e s  a r e  s i g n i f i c a n t l y  ranked by t h e  l i t h o t y p e  
c l a s s i f i c a t i o n .  

Pa laeobo tan ica l  a n a l y s i s  of a l i t h o t y p e  s u i t e  (5)  has l e d  t o  t h e  sugges t ion  t h a t  t he  
p r i n c i p a l  f a c t o r  i n  producing l i t h o t y p e  v a r i a t i o n  was t h e  p r e v a i l i n g  dep th  of t h e  
water  t a b l e  du r ing  d e p o s i t i o n  and has shown t h a t  t h e  con ten t  of woody m a t e r i a l  and 
t h e  ex ten t  of  g e l i f i c a t i o n  dec reases  a long  the  sequence from da rk  t o  p a l e  
l i t h o t y p e .  Maceral  a n a l y s i s  of t h i s  l i t h o t y p e  s u i t e  (from the  LY1276 core ,  Latrobe 
Valley,  V i c t o r i a )  showed t h a t  t h e  p r i n c i p a l  d i f f e r e n c e s  i n  t h e  macera l  composition 
were i n  t h e  d i s t r i b u t i o n  of humini te ,  which was much g r e a t e r  i n  t h e  t h r e e  l i g h t e r  
l i t h o t y p e s ,  and i n  t h e  l i p t i n i t e  conten t ,  which w a s  s i g n i f i c a n t  on ly  f o r  t he  l i g h t e r  
l i t h o t y p e s  (5). 

,, 
NMR and i n f r a r e d  s p e c t r o s c o p i c  a n a l y s i s  of t h e  same l i t h o t y p e  s u i t e  and a set of 
l i g h t  l i t h o t y p e s  g i v i n g  a dep th  p r o f i l e  of t h e  same core  r evea led  t h a t  t he  main 
chemical v a r i a t i o n s  between l i t h o t y p e s  were h ighe r  a romat i c  and lower carbonyl /  
carboxyl  con ten t s  i n  t he  da rke r  l i t h o t y p e s ,  buc c o r r e l a t i o n  of t h e s e  c r i t e r i a  w i th  
l i t h o t y p e  ranking  was poor (6) .  By c o n t r a s t ,  o t h e r  s t u d i e s  (7,8) have shown t h a t  
d a r k  l i t h o t y p e s  have g r e a t e r  p o l a r  f u n c t i o n a l i t y ,  i nc lud ing  ca rbony l / ca rboxy l  
con ten t ,  than  the  cor responding  p a l e  l i t h o t y p e s .  Moreover, Hatswell e t  a l .  ( 4 ) ,  who 
s tud ied  t h e  l i q u e f a c t i o n  p r o p e r t i e s  of a range of l i t h o t y p e s  ( a l s o  from t h e  LY1276 
c o r e )  wi th  s i m i l a r  e l emen ta l  composi t ions  ( t o  remove any e f f e c t  of HIC), found no 
v a r i a t i o n  wi th  l i t h o t y p e .  It would t h e r e f o r e  appear t h a t  c o r r e l a t i o n s  between 
l i t h o t y p e  c l a s s i f i c a t i o n  and maceral a n a l y s i s  or chemical p r o p e r t i e s  are poor. 

Severa l  g roups  (1-3, 9) have cons idered  brown c o a l  s t r u c t u r e  a t  t h e  molecular  l e v e l  
and have sugges ted  t h a t  brown c o a l s  have two-component molecular  s t r u c t u r e .  
Hatcher ' s  p roposa l  ( l ) ,  based main ly  on "C c r o s s - p o l a r i z a t i o n  magic ang le  sp inning  
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NMR and infrared studies of peats and a range of other materials at different stages 
of coalification, is that coals are derived from a mixture of highly aliphatic 
sapropelic material of aquatic origin on the one hand and vascular plant-derived 
lignin residues on the other. 

Lynch and Webster ( 3 ) ,  in a preliminary study of the pyrolysis behaviour of brown . 
coal lithotypes, found a correlation between the thermal behaviour and H/C ratio of 
the coals and also noted a close identity between the proportion of the hydrogen 
mobilized during heating and that lost by volatilization below 800 K. It was argued 
that these observations were consistent with Hatcher's two-component structural 
model. 

Redlich et al. (9) separated a suite of brown coals with a wide range of H/C values 
into two fractions by heating the dried coal under nitrogen in the presence of 
decalin at 593 K for 1 h and, after cooling, extraction with dichloromethane. These 
apolar, non-hydrogenating conditions were thought to be sufficiently mild to avoid 
major decomposition of the coal and, essentially, to result in the extraction of 
physically bound aliphatic materials, although even at temperatures as low as 600 K 
some decarboxylation did occur. The decalin used in the dichloromethane extraction 
process could not be easily separated from the total extract, therefore the pentane- 
insoluble or 'asphaltene' part of the extract was studied. This treatment excluded 
the decalin together with the less polar species from the extract. The pentane 
insolubles accounted for 1 / 3  of the total extract. In all cases, the properties of 
the extracts and residues were found to be mostly independent of the source coal. 
The residue fraction, or 'host', was described as a phenolic, macromolecular 
material, probably lignin-derived, while the 'guest' (the dichloromethane-soluble 
fraction) was always predominantly aliphatic (fa -0 .3)  ( 9 ) .  
led to the conclusion that the differences in brown coal properties depend to a 
first approximation on the ratio of these fractions present in the coal. 

Verheyen et al. (6), as part of their study, separated lithotype specimens into 
alkali soluble 'humic acids' and insoluble 'kerogen'. The 'humic acids' accounted 
for -20% of the dark to -50% of the pale lithotypes, the actual quantities depending 
on the severity of the treatment. However, in contrast to the fractions separated 
by the method of Redlich et al. ( 9 1 ,  which yielded similar proportions of extract 
and residue, the properties of both the 'humic acid' and 'kerogen' fractions varied 
with lithotype and the H/C of the source coals. 

The preliminary study by Lynch and Webster ( 3 )  using the proton nuclear magnetic 
resonance ('H NMR) thermal analysis (PMRTA) technique (10). which supported the 
host/guest model, is extended here to a wider selection of brown coals (Table 1) 
including some New Zealand coals and the lithotype set from the LY1276 core studied 
by Hatswell et al. ( 4 ) .  The residues and pentane-insoluble extracts of some of the 
coals prepared by the method of Redlich et al. (9 )  were also examined. 

This lack of variation 

EXPERIMENTAL 

Whole coal samples were predried at 378 K under nitrogen. Samples of -200 mg were 
pyrolysed in open glass tubes, under flowing nitrogen, at a heating rate of 4 K/min 
to temperatures of 075 K in an NMR furnace-probe ( 1 1 ) .  Solid echo measurements of 
the proton NMR transverse relaxation signal, I(t), were made on the specimens at 
regular intervals during pyrolysis. 
corrected to account for the temperature sensitivity of the NMR measurement. (See 
Lynch et al. ( 1 0 )  for a more detailed description of the techniques used.) 

Residues and extract specimens were supplied in a predried state and measured under 
the same conditions as the whole coals. Yields of residue obtained (ut% basis) are 
given in Table 1, together with elemental compositions and lithotype classifications 
for the brown coals and lithotypes. 

The intensity of the signals was empirically 
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TABLE 1. DATA FOR BROWN COAL SUITE 

Sample H/C c? Oa Li thb .  Resid. %mm Coal Resid. 

(kHzZ) (kHzZ) (kHz2) 
(wt%) M400 M600 M600 

Vic to r i an  and New Zealand c o a l s  

1 Bacchus Marsh 1.22 70.5 20.6 1 50 
2 Roxburgh (NZ) 1.11 69.8 23.0 - 60 
3 R5 1.08 70.9 21.8 1 59 
4 HI317 0.99 71.4 22.0 1 67 
5 Idaburn (NZ) 0.95 68.4 25.5 - 72 
6 Newvale (NZ) 0.91 67.6 26.6 - 77 
7 R30 0.89 69.5 24.5 4 80  
8 HI317 0.85 70.6 24.4 5 - 
9 ~Y1276/Morwell 0.79 68.4 26.2 5 88 

Li thotype  s u i t e  

a LY1276/Morwell 0.83 66.8 27.0 I - 
b LY1276/Morwell 0.78 66.1 28.0 2 - 
c LY1276/Morwell 0.80 66.5 27.2 3 - 
d LY1276/Morwell 0.81 66.2 26.6 4 - 
e LY1276/Morwell 0.75 67.0 27.2 5 - 

62 24.5 9.5 24.8 
55 19.5 11.6 25.4 
58 21.7 10.2 24.7 
48 26.1 13.8 25.2 
39 19.5 15.7 25.6 
28 24.7 19.7 26.4 
26 24.8 20.3 25.9 
21 26.8 22.9 
15 25.4 24.2 26.1 

- 

33 23.0 18.0 - 
27 25.0 19.6 
23 25.2 20.8 
23 25.7 20.5 
23 24.2 21.3 

- 
- 
- 
- 

aExpressed as w t %  on a d ry ,  mine ra l  ma t t e r  and ino rgan ic  ion f r e e  bas i s .  
bLi thotype  ranking  1 = p a l e ,  5 = dark .  

RESULTS 

Figure  1 shows s t acked  p l o t s  of t h e  'H NMR t r a n s v e r s e  r e l a x a t i o n  s i g n a l s  ob ta ined  
dur ing  PMRTA of a Bacchus Marsh brown c o a l  and i t s  e x t r a c t  and r e s i d u e  specimens. 
Analys is  of such d a t a  p rov ides  parameters  t h a t  s emi -quan t i t a t ive ly  d e s c r i b e  a spec t s  
of the composi t ion  and molecular  dynamics of t he  specimens dur ing  hea t ing .  Thus, 
( 1 )  the i n i t i a l  i n t e n s i t y ,  I(O), of the  t r a n s v e r s e  r e l a x a t i o n  s i g n a l  ( t aken  as t he  
peak of t he  s o l i d  echo, Fig.  1) g i v e s  an estimate of t he  r e s i d u a l  hydrogen conten t  
of the  specimen; (ii) in g e n e r a l  each  of t h e  'H NMR s i g n a l s  can be r e so lved  i n t o  a 
s lowly  r e l a x i n g  e x p o n e n t i a l  component f i t t e d  a t  l onge r  times ( t h e  'mobi le '  
component), and a r a p i d l y  r e l a x i n g  Gauss ian- l ike  r e s i d u a l  s i g n a l ( t h e  ' r i g i d '  
component). Because r e s o l u t i o n  of t hese  components is somewhat s u b j e c t i v e  and 
s e n s i t i v e  t o  the  d e t a i l s  of t h e  cu rve  f i t t i n g  procedure  used, c a r e  was  t aken  t o  use 
a c o n s i s t e n t  procedure  t o  ana lyse  a l l  t h e  da t a .  The i n i t i a l  i n t e n s i t i e s  of the  
f i t t e d  components are t aken  as measures of t h e  f r a c t i o n  of hydrogen i n  'mobile '  and 
' r i g i d '  (on a t i m e  scale o f  - s) molecular  s t r u c t u r e s  of t he  specimen; ( i l l )  
each  recorded NMR signal, I ( t ) ,  is  c h a r a c t e r i z e d  by an  empi r i ca l  second moment, MZT. 
o f  a t runca ted  ( a t  10 kHz) f requency  abso rp t ion  spectrum ob ta ined  by i t s  Four i e r  
t r ans fo rma t ion  (10). 
i n t e n s i v e  p rope r ty ,  is d i r e c t l y  r e l a t e d  t o  t h e  average  s h o r t  range  ?A1 nm) proximi ty  
of hydrogen atoms t o  each o the r .  However, impor tan t ly ,  t h e  c o n t r i b u t i o n  of a 
p a r t i c u l a r  molecular  u n i t  w i t h i n  a s t r u c t u r e  t o  t h i s  q u a n t i t y  r a p i d l y  dec reases  wi th  
t h e  O n s e t  Of i t s  molecu la r  mob i l i t y  so t h a t  %T i s  i n v e r s e l y  r e l a t e d  t o  t h e  average 
molecular  m o b i l i t y  of t he  s t r u c t u r e .  

The tempera ture  dependences of t he  r e s i d u a l  hydrogen con ten t  and t h e  percentage  of 
t h e  i n i t i a l  hydrogen con ten t  t h a t  is de f ined  as mobile a r e  p l o t t e d  i n  Fig. 2a f o r  
t h e  high H / C  Bacchus Marsh p a l e  l i t h o t y p e  c o a l  and i t s  e x t r a c t  and r e s i d u e  
specimens. The co r re spond ing  pyrograms f o r  t he  e m p i r i c a l  second moment are compared 
i n  Fig. 2b. 
PYrOlYtiC decomposi t ion  and loss of v o l a t i l e s ,  and t h e  second moment and remaining 

For a r i g i d  o r g a n i c  s o l i d  t h e  magnitude of M2 which is  an 

The r e s i d u a l  hydrogen con ten t  pyrograms d e f i n e  t h e  r eg ion  of main 
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mobile  hydrogen pyrograms r e f l e c t  changes i n  t h e  molecular  m o b i l i t y  of t h e  
specimens. Data f o r  t h e  LY1276 l i t h o t y p e  s u i t e  a r e  presented  i n  Fig.  3 and r e s u l t s  
f o r  t h e  s u i t e  of brown c o a l s  a r e  shown i n  Fig. 4. The second moment pyrograms f o r  
r e s i d u e s  of samples 1-7 and 9 and pentane-insoluble  e x t r a c t s  of samples  1.3 and 4 
a r e  compared i n  Fig. 5. 

The MZT v a l u e s  a t  400 K (M400) and a t  600 K (Mfoo) and Xmm ( t h e  g r e a t e s t  remaining 
mobile  hydrogen va lue  achieved dur ing  t h e  pyro y s i s ,  which occurs  a t  about  600 K f o r  
a l l  t h e  brown c o a l s )  a r e  secondary parameters  der ived  from t h e  pyrograms. The 
v a l u e s  of M and X m m  f o r  t h e  c o a l s  and M600 f o r  t h e  r e s i d u e s  a r e  p l o t t e d  a g a i n s t  
H / C  i n  Fig.'t: and i n  Fig. 7 %mm for t h e  c o a l s  is p l o t t e d  a g a i n s t  t h e  y i e l d  of 
r e s i d u e .  

DISCUSSION 

The Bacchus Marsh, R5 and H1317 (sample 4, p a l e  l i t h o t y p e )  brown c o a l s  gave high 
enough y i e l d s  of e x t r a c t  t o  a l low PMRTA of t h e i r  e x t r a c t s .  PMRTA d a t a  f o r  t h e  
Bacchus Marsh coa l ,  which had t h e  h i g h e s t  H / C  and e x t r a c t  y i e l d  of t h e  brown c o a l s ,  
i t s  ' a s p h a l t e n e '  e x t r a c t  and i t s  r e s i d u e  m a t e r i a l  a r e  compared i n  F i g s  1 and 2. 
Although t h e i r  M v a l u e s  (Fig.  2b) i n d i c a t e  t h a t  t h e s e  m a t e r i a l s  a r e  not  t o t a l l y  
r i g i d  molecular  f E t t i c e s  on t h e  t ime s c a l e  of lod5 s a t  room tempera ture ,  t h e  
absence of a s i g n i f i c a n t  s lowly r e l a x i n g  e x p o n e n t i a l  s i g n a l  shows t h a t  none of 
t h e s e  m a t e r i a l s  c o n t a i n s  h i g h l y  mobil ized components. The s i m i l a r i t y  of t h e  t h r e e  
M2T v a l u e s  a t  room tempera ture  (Fig.  2b) i s  unexpected. 
i s  t y p i c a l  of a r i g i d  a romat ic  l a t t i c e  (e.g. bi tuminous c o a l )  but much lower than  
t h a t  f o r  a r i g i d  a l i p h a t i c  l a t t i c e .  This  i n d i c a t e s  a degree  of molecular  m o b i l i t y  
w i t h i n  t h e  a l i p h a t i c  s t r u c t u r e s  t o  g i v e  lower MZT v a l u e s  which a r e  f o r t u i t o u s l y  
s i m i l a r  t o  t h e  va lue  f o r  t h e  (presumed) r i g i d  a romat ic  s t r u c t u r e s  in t h e  c o a l s .  

The e x t r a c t  became f u l l y  mobil ized on h e a t i n g  above 460 K whereas t h e  r e s i d u e  
acqui red  a maximum of only  15% mobile  s t r u c t u r e  near  600 K. The whole c o a l  specimen 
a l s o  passed through a w e l l  def ined  maximum of 60% mobile s t r u c t u r e  near  600 K. I n  
each  c a s e  i t  can be seen  t h a t  as hea t ing  proceeded beyond 600 K t h e r e  i s  a p a r a l l e l  
between ' d e v o l a t i l i z a t i o n ' ,  i n d i c a t e d  by t h e  d e c l i n e  i n  r e s i d u a l  hydrogen, and t h e  
r a p i d  l o s s  of the  mobile  component of t h e  remaining sample (Fig. 2a). The pyrograms 
i n  Fig. 2 c l e a r l y  d i s t i n g u i s h  t h e  d i f f e r e n t  thermal  behaviour  of t h e  Bacchus Marsh 
c o a l ,  r e s i d u e  and e x t r a c t  specimens and q u a l i t a t i v e l y  d i s p l a y  t h e  i n t e r m e d i a t e  o r  
composite n a t u r e  of t h e  whole coa l .  

There is cons iderable  v a r i a t i o n  i n  t h e  thermal  p r o p e r t i e s  of t h e  i n d i v i d u a l  brown 
c o a l s  (samples  1-9) as shown i n  Fig. 4. These c o a l s  e x h i b i t  a s t r o n g  c o r r e l a t i o n  
between t h e  y i e l d  of r e s i d u e  and hydrogen conten t  but none w i t h  carbon c o n t e n t  
(Table  l ) ,  t h e r e f o r e  t h e  r e s i d u e  and e x t r a c t  m a t e r i a l s  must have v a s t l y  d i f f e r e n t  
hydrogen conten ts  but similar carbon c o n t e n t s .  A weaker but s i g n i f i c a n t  p o s i t i v e  
c o r r e l a t i o n  between t h e  y i e l d  of r e s i d u e  and oxygen conten t  sugges ts  t h a t  t h e  
r e s i d u e  would be more oxygen-rich than t h e  e x t r a c t .  

I n  t h e  l i g h t  of t h e  two-component hypothes is ,  t h e  g r e a t  d i f f e r e n c e  between t h e  H / C  
v a l u e s  of e x t r a c t  (1.4) and r e s i d u e  (0.6) m a t e r i a l s  from t h i s  s u i t e  of c o a l s  ( 9 )  
s u g g e s t s  a s t r o n g  c o r r e l a t i o n  between thermal  p r o p e r t i e s  and H / C  r a t i o  of t h e  brown 
c o a l s .  This  is  seen  t o  be t h e  c a s e  a t  h i g h e r  tempera tures  ( F i g s  4 and 6).  In 
p a r t i c u l a r  the  maximum e x t e n t  of m o b i l i z a t i o n ,  as  i n d i c a t e d  ( i n v e r s e l y )  by M600 and 
( d i r e c t l y )  by X m m ,  increased  wi th  i n c r e a s i n g  H / C  of t h e  c o a l s  (Fig. 6). However 
below 500 K the  c o a l s  showed some i n d i v i d u a l  v a r i a t i o n s  which were not  H / C  
dependent .  

The f a c t  t h a t  t h e  PMRTA parameters  near  600 K c o r r e l a t e  s t r o n g l y  w i t h  H / C  whereas 
below 500 K they do not  i s  probably the  r e s u l t  of v a r i a t i o n s  i n  t h e  i n t e r a c t i o n s  
between t h e  e x t r a c t  and r e s i d u e  i n  t h e  source  coa ls .  
molecules  m a y  not be uniformly d i s p e r s e d  and may range  from those t h a t  a r e  

The common va lue  of 30 kHz2 

The low molecular  weight  
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I 

i n t i m a t e l y  i n t e r a c t i n g  wi th  t h e  ' h o s t '  so t h a t  t h e i r  thermal  p r o p e r t i e s  a r e  those  of 
a sorbed phase t o  t h o s e  t h a t  a r e  c l u s t e r e d  and behave s i m i l a r l y  t o  t h e  bulk 
e x t r a c t .  T h e r e f o r e  t h e  observed v a r i a t i o n s  of Mho0 (Table  1 )  may r e f l e c t  v a r i a t i o n s  
i n  t h e  d i s p e r s i o n  of t h e  ' g u e s t '  molecules  i n  the  c o a l s .  A l t e r n a t i v e l y  t h e r e  is 
some evidence t h a t  t h e  e x t r a c t s  from c o a l s  t h a t  show r e l a t i v e l y  lower M4 
a r e  r i c h e r  i n  s t r a i g h t - c h a i n  a l i p h a t i c  m a t e r i a l s  (P. Redlich,  unpubl i shes  d a t a ) .  
Both these  p h y s i c a l  and chemical  d i s t i n c t i o n s  would be l o s t  a t  h igher  temperatures  
where the  ' g u e s t '  molecules  a r e  f u l l y  mobil ized.  

I n  c o n t r a s t ,  t h e  second moment pyrograms of t h e  r e s i d u e s  from t h e s e  c o a l s  (Fig.  5) 
show t h a t  t h e  r e s i d u e s  a l l  behaved s i m i l a r l y  and acqui red  l i t t l e  molecular  m o b i l i t y  
d u r i n g  t h e  p y r o l y s i s .  
hypothes is  and is i n  agreement with e a r l i e r  work (9)  which showed t h a t  t h e  
p r o p e r t i e s  of t h e  ' h o s t '  v a r i e d  l i t t l e  between t h e  brown c o a l s .  It is  p o s s i b l e  t h a t  
t h e  minor degree  of s t r u c t u r a l  m o b i l i t y  acqui red  by t h e  r e s i d u e  specimens was a 
consequence of t h e i r  incomplete  e x t r a c t i o n  and/or  t h e  r e t e n t i o n  of some of t h e  
e x t r a c t i o n  s o l v e n t .  The l a t t e r  p o s s i b i l i t y  is supported by t h e  n o t i c e a b l y  e a r l i e r  
loss of (hydrogen) v o l a t i l e s  by the  r e s i d u e  than  by t h e  c o a l  o r  e x t r a c t  (Fig.  2a). 

The temperature  v a r i a t i o n  of the  NMR s i g n a l s  of t h e  e x t r a c t s  (e.g. Fig. I C )  and the  
second moment va lues  c a l c u l a t e d  from them (Fig .  5) show t h a t  t h e  e x t r a c t s  remain 
f u l l y  mobil ized i n  t h e  tempera ture  range  470-700 K. A t  h igher  tempera tures ,  t h e  
r a p i d  i n c r e a s e  i n  M v a l u e s  r e f l e c t s  t h e  r a p i d  l o s s  of v o l a t i l e s  and i n d i c a t e s  t h a t  
t h e  m a t e r i a l  l e f t  agter v o l a t i l e  evolu t ion ,  c o n t a i n i n g  10% of t h e  o r i g i n a l  specimen 
hydrogen (Fig.  Za), i s  a r i g i d  coke a t  i t s  tempera ture  of formation.  

Var ia t ions  a r e  a p p a r e n t  i n  t h e  MZT pyrograms (Fig.  5 )  of t h e s e  e x t r a c t s .  
example, H1317 c o a l  e x t r a c t  (from sample 4 )  sof tened  a t  a h igher  tempera ture  than 
t h e  e x t r a c t s  of t h e  o t h e r  two coa ls .  
630 K was observed f o r  t h i s  e x t r a c t ,  which s u g g e s t s  t h a t  r a p i d  c r o s s l i n k i n g  
r e a c t i o n s  may have been o c c u r r i n g ,  l e a d i n g  t o  a r e d u c t i o n  i n  s t r u c t u r a l  m o b i l i t y  
wi th  i n c r e a s e  i n  tempera ture l t ime.  

Redl ich e t  a l .  ( 9 )  have emphasised t h e  d i r e c t  l i n e a r  r e l a t i o n s h i p  between t h e  y ie ld  
of e x t r a c t  and H / C  r a t i o  i n  support  of t h e  h o s t l g u e s t  model f o r  brown c o a l s .  
have a l s o  demonst ra ted  t h a t  h y d r o l i q u e f a c t i o n  r e a c t i v i t y  i s  c l o s e l y  c o r r e l a t e d  t o  
a tomic H / C  (9) and Brookes et a l .  (12) have shown s t r o n g  l i n e a r  c o r r e l a t i o n s  between 
t h e  i n t e n s i t y  of i n f r a r e d  a l i p h a t i c  C-H s t r e t c h i n g  bands and t h e  H / C  content  of 
t h e s e  coa ls .  The good l i n e a r  r e l a t i o n s h i p s  between t h e  maximum e x t e n t  of thermally 
a c t i v a t e d  molecular  m o b i l i t y  (Xmrn)  and y i e l d  of e x t r a c t  r e s i d u e  on t h e  one hand and 
H/C r a t i o  on the  o t h e r  ( F i g s  6 and 7) a r e  f u r t h e r  s t r o n g  suppor t  f o r  t h i s  two- 
component model of brown c o a l  s t r u c t u r e .  The i d e n t i f i c a t i o n  of t h e  e x t r a c t a b l e  
m a t e r i a l  as t h e  component t h a t  is thermal ly  mobil ized i n  t h e  whole c o a l  s t r u c t u r e ,  
suggested by t h e  PMKTA r e s u l t s ,  a l s o  s u p p o r t s  t h e  c o n t e n t i o n  t h a t  t h e  method of 
e x t r a c t i o n  used by Kedl ich et a l .  ( 9 )  does n o t  chemica l ly  degrade  t h e  c o a l  s t r u c t u r e  
t o  any g r e a t  ex ten t .  

Comparison of the  PMRTA pyrograms (Fig.  3) of t h e  f i v e  LY1276 l i t h o t y p e s ,  which were 
chosen t o  g i v e  as wide a l i t h o t y p e  range a s  p o s s i b l e  wi th  minimum v a r i a t i o n  i n  
e lementa l  a n a l y s i s  ( 4 1 ,  e s t a b l i s h e s  t h a t  t h e  thermal  behaviour  w i t h i n  t h i s  l i t h o t y p e  
s e t  was very Similar and hence r e l a t i v e l y  i n s e n s i t i v e  t o  l i t h o t y p e  ranking.  

va lues  

This  c l o s e  s i m i l a r i t y  i s  c o n s i s t e n t  wi th  t h e  h o s t l g u e s t  

For 

In  a d d i t i o n ,  a secondary MZT maximum a t  

They 

CONCLUSIONS 

1. The thermal  behaviour  under p y r o l y s i s  c o n d i t i o n s  of a s u i t e  of brown c o a l s  and 
t h e i r  e x t r a c t s  and r e s i d u e s , a s  revea led  by PMRTA, l e n d s  f u r t h e r  suppor t  t o  t h e  
h o s t l g u e s t  model of t h e s e  coa ls .  Although t h e  r e s i d u e s  and e x t r a c t s  showed very 
d i f f e r e n t  thermal  behaviour ,  t h e  r e s u l t s  w i t h i n  each group were similar and 
independent  of t h e  H / C  v a l u e  of t h e  source  c o a l s .  On t h e  o t h e r  hand t h e  thermal  
behaviour  of t h e  c o a l s  v a r i e d  s i g n i f i c a n t l y  and t h e r e  was a s t r o n g  p o s i t i v e  
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c o r r e l a t i o n  between t h e  maximum e x t e n t  of molecular  m o b i l i z a t i o n  dur ing  h e a t i n g  and 
both  H / C  and e x t r a c t  y i e l d .  The much h igher  H / C  r a t i o  of t h e  e x t r a c t  compared t o  
t h e  r e s i d u e  m a t e r i a l  a l l o w s  t h e s e  o b s e r v a t i o n s  t o  be expla ined  i n  terms of t h e  
h o s t l g u e s t  hypothes is  whereby t h e  c o a l s  are composed of e x t r a c t  and r e s i d u e  
materials i n  d i f f e r i n g  p r o p o r t i o n s .  

2. The thermal behaviour of brown c o a l s  of s i m i l a r  H / C  i s  i n s e n s i t i v e  t o  l i t h o t y p e .  

3. 
parameters a t  tempera tures  above 500 K than l i t h o t y p e .  

4. The molecular  s t r u c t u r e  of t h e  r e s i d u e s  was l a r g e l y  immobile and hence 
r e l a t i v e l y  u n r e a c t i v e  dur ing  h e a t i n g  t o  - 875 K. The pentane- inso luble  ' a s p h a l t e n e '  
e x t r a c t  s o f t e n e d  a t  -380 K and d e v o l a t i l i z e d  r a p i d l y  above 700 K l e a v i n g  some r i g i d  
coke res idue .  

Hydrogen c o n t e n t  or atomic H/C r a t i o  g i v e s  a much b e t t e r  c o r r e l a t i o n  wi th  PMRTA 
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Figure 1. 
(a) a Bacchus Marsh brown coal, (b) the residue after treatment at 593 K 
with decalin, followed by room temperature extraction with dichloromethane (9) and 
(c) the dichloromethane-soluble, pentane-insoluble fraction of the 593 K extract 
(9). The signals have been interpolated to 10 K intervals. 

Stacked plots of signals obtained from 'H NMR thermal analysis of -l 
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Figure  2.  
content  and ( b )  MZT (10 kHz t r u n c a t i o n )  f o r  a Bacchus Marsh coa l ,  i t s  r e s i d u e  and 
i t s  e x t r a c t  during p y r o l y s i s  a t  4 Klmin. 

P l o t s  of ( a )  r e s i d u a l  hydrogen conten t  and remaining mobile  hydrogen 
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Figure  3. 
pyrograms and ( b )  t h e  MZT pyrogram f o r  t h e  LY1276 s u i t e .  

P l o t s  of ( a )  t h e  r e s i d u a l  hydrogen conten t  and remaining mobile  hydrogen 
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Figure  4. 
pyrogram f o r  t h e  brown c o a l s  (samples  1-9). 
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P l o t s  Of ( a )  t h e  remaining mobile  hydrogen pyrogram and ( b )  t h e  M~~ 



Figure  5. 
t h e  e x t r a c t s  of samples  1, 3 and 4. 

MZT pyrograms f o r  t h e  r e s i d u e s  of samples 1-7 and 9 a f t e r  e x t r a c t i o n ,  and 
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HIC 

2T Figure  6. 
a t  600 K (M600, e) f o r  a l l  samples, and MZT f o r  t h e  r e s i d u e s  a t  600 K ( 0 ) .  

V a r i a t i o n  w i t h  H/C of t h e  e x t e n t  of maximum m o b i l i t y  (%mm, o ) and M 
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Figure 7. P l o t  of t h e  e x t e n t  of  maximum m o b i l i t y  (%mm) vs y i e l d  of r e s i d u e  a f t e r  
t rea tment  a t  593 K and e x t r a c t i o n  wi th  dichlorornethane. 
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